INTRODUCTION {#SEC1}
============

Force spectroscopy is a uniquely powerful approach for revealing the structural dynamics of DNA. The first studies focused on the phenomenon of dsDNA overstretching, the inelastic elongation of DNA at forces of 60--70 pN ([@B1]--[@B4]). The phenomenon has drawn considerable attention because of the contentious interpretation of its complex phenomenology ([@B5]--[@B7]). DNA overstretching might take place either in a smooth and reversible way signaling the transition from the basic B-form to an extended S-form of ds-DNA, or in a rugged and irreversible way that reveals melting and strand separation. The concurrent occurrence of these distinct transitions has been fully explained only recently with the proposal of reliable models for both phenomena and the characterization of the related control parameters ([@B7]--[@B16]).

In the meantime, studies aimed at understanding the changes that the DNA molecule undergoes under the control of the protein machinery during replication, transcription, recombination and repair started to appear. In this context DNA unzipping and reannealing has attracted great attention. Unzipping experiments have been extensively performed on hairpins, leading to very detailed sequence-dependent thermodynamic models capable of reproducing the correct sequence of cooperatively unzipping and re-zipping regions ([@B17]) and locating the corresponding transition states that were found to correspond to the beginning of blocks of consecutive CG base pairs (bp) ([@B18]). Due to its detailed understanding, DNA unzipping was also used as a prototype mesoscale system to investigate thermodynamic properties of systems away from equilibrium such as Jarzinski inequality that relates irreversible work and free energy ([@B19]). For the same reason DNA unzipping experiments have even been used as a tool to refine the thermodynamic parameterization of bp binding free energies ([@B20]). The conventional protocol for hairpin unzipping, however, implies symmetrically distributed forces on both strands, raising the question whether it is represents the appropriate experimental model for the biologically relevant processes. In replication, for instance, the directionality of motion of DNA polymerases leads to different mechanical loads on the lagging and leading strands. DNA reannealing under asymmetric load is investigated here by recording the shortening transient following stepwise reduction in force imposed on a previously overstretched dsDNA molecule. During the high-force period the molecule has undergone different degrees of melting and strand separation ([@B11]). Stretch-release cycles were imposed on the molecule by subsequent step-wise change of the pulling force using a Dual Laser Optical Tweezers (DLOT) with a fast force feedback ([@B11],[@B12]). The protocol was applied to either the whole λ-DNA molecule or a specifically made 3852 bp-long AT-rich DNA construct. We find that when the force on the whole λ-phage DNA molecule is abruptly dropped from above to below the overstretching transition region, reannealing of the molecule at constant force occurs in a sequence of shortening steps separated by time intervals that display exponential distribution. The statistics of the waiting times and their dependence on the force provide information on the transition kinetics, while the size of the subsequent shortening steps measures the extension of the portion of the molecule that undergoes reannealing. The kinetic analysis points at the presence of a transition barrier of 0.58 nm along the reaction coordinate. The average lengths of the reannealing strands are ∼750 and 210 bps for the whole λ-DNA and the AT-rich construct, respectively. Sequence analysis shows that, in λ-DNA, 750 bps corresponds to the number of bps separating segments of more than 10 consecutive AT bps, and that this number drops to 210 bps in the AT-rich construct. Thus, the transition barrier is determined by the presence of segments of more than 10 consecutive AT bp, independent of changes in sequence composition, while the length of the reannealing strand changes according to the value predicted by sequence analysis for the distance between poly-AT segments at least 10 bps long. The 0.58 nm length of the transition barrier suggests a mechanism by which the 10-AT-barrier is overcome, based on base pairing of the CG bases immediately following the AT-barrier.

MATERIALS AND METHODS {#SEC2}
=====================

Samples preparation and mechanical apparatus {#SEC2-1}
--------------------------------------------

Mechanical measurements on the DNA molecules were performed by means of a Dual Laser Optical Tweezers with two counter-propagating 808 nm laser beams ([@B12]). Double-stranded λ-DNA (48 500 bp, New England Biolabs, Ipswich, MA, USA) was held between two streptavidin-coated polystyrene beads (Spherotech, Libertyville, IL, USA) of 3 μm diameter by means of biotinylated 3′ ends free to rotate, as previously described ([@B21]). While the bead at one end was trapped in the focus of the lasers, acting as a force transducer, the other one was attached to a micropipette integral with the microfluidic chamber carried by a piezoelectric stage (PDQ375, Mad City Lab, Madison, WI, USA), providing movements with subnanometer precision. For labeling dsDNA at both ends but on opposite strands, bio-11-dCTP, dATP, dGTP and dUTP were polymerized opposite the λ-DNA\'s 12-bp sticky ends using Klenow enzyme. The experiments were done at 25°C in solution with the following composition: 150 mM NaCl, 10 mM Tris, 1 mM EDTA, pH 8.0.

The AT-rich construct was a 3852-bp-long portion of the λ-phage DNA selected based on its high AT content (64% versus 50% of the λ-DNA). The sample was prepared with standard PCR employing DreamTaq polymerase (Fermentas, Vilnius, Lithuania). Primers (3′-biotin-CAGCTGCATAACGCCAAA and 3′-NH~2~-C6-GCATGGTGAAAAATGCGATA) were designed with the www primer3 tool ([@B22]) using the entire λ-phage genome sequence available in the GeneBank database ([@B23]) (for further details, see Supplementary Data). The resulting reaction mixtures were purified with agarose-gel electrophoresis (1%, Tris-acetate-EDTA buffer, 10 V/cm). The final product was isolated with a Quiagen Miniprep kit and eluted into ultrapure Milli-Q water (Millipore, Billerica, MA, USA). DNA concentration was determined by measuring absorbance at 260 nm (Nanodrop 1000). Concentration was typically around 30 ng/μl. Purity, according to the 260/280 nm absorbance ratio, was approximately 1.8 in all cases. The AT-rich construct was held between two beads with one end covalently linked to a 2.5 μm carboxylated latex bead (Kisker Biotech GmbH, Steinfurt, Germany) via the amino group attached to the PCR primer. The other end of the molecule was attached to a 3 μm streptavidin-coated latex bead via the biotinyl group on the other primer. The experiments were made at 25°C in solution with the following composition: 150 mM NaCl, 10 mM Tris, 1 mM EDTA, pH 8.0. Ionic strength was modulated by changing NaCl concentration as reported in the text.

The stiffness of the trap was 0.25 pN/nm. The update frequency of the signal controlling the mechanical apparatus (and the sampling frequency of the recorded signals) was set to 2.5 and 1 kHz in length- and force-clamp mode, respectively. In force clamp mode the actual rise time (10--90%) of the force step depends on the stiffness of the molecule, increasing from 2 ms in the region of the intrinsic elasticity (below and above to overstretching region) to ≤20 ms in the region of the overstretching transition ([@B12]). The DNA molecule was first stretched in length control (feedback signal from the position of the piezoelectric stage) at constant pulling velocity (1 μm/s for full length λ-phage dsDNA and 0.5 μm/s for the AT-rich construct) from the starting unstressed length until a preset force level above the overstretching transition was reached, then the control was switched to force. The gain of direct amplifier was adjusted according to the actual stiffness of the molecule which, because of non-linearity due to the structural dynamics of DNA, depends on the region of forces explored ([@B11],[@B24]). In order to identify the zero-extension position in the displacement data, the micropipette-bead was pressed gently against the trapped bead either prior to or following the experiment. Molecular extension (*x*) was calculated by correcting displacement (*z*) according to force (*F*) and trap stiffness (*k*) as $$\documentclass[12pt]{minimal}
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Data were processed with LabView and IgorPro (WaveMetrics, Lake Oswego, OR, USA).

RESULTS {#SEC3}
=======

Dynamics of melting and reannealing measured under force feedback {#SEC3-1}
-----------------------------------------------------------------

It has previously been shown that in torsionally unconstrained λ-DNA in solution with physiological salt concentration the S-form of DNA gradually converts to melted DNA as force is kept above the overstretching transition ([@B8],[@B11],[@B25],[@B26]) Under force clamp this occurs without a significant increase in length (see Figure [5](#F5){ref-type="fig"} in ([@B11])) because, even though S-DNA and ssDNA are characterized by different force-extension relations, they have a very similar extension in the region of forces of the overstretching transition (([@B5],[@B7]); and see Supplementary Figure S1 in Supplementary Data). The degree of melting in the overstretched molecule can be estimated from the amplitude of the slow phase of the shortening transient elicited by a stepwise force drop below the overstretching region (see also ([@B11])). This is made evident by the experiment shown in Figure [1A](#F1){ref-type="fig"}. First, a stretch at constant velocity (V = 1 μm/s) is imposed on the double-stranded λ-DNA molecule to attain a force just above the overstretching force (72 pN), then the control is switched to force feedback (time marked by the dashed line) and a sequence of 25-pN stepwise force drops alternating with identical size stepwise force pulls is imposed on the molecule. The time during which force is kept at the high level (*t*~h~) is varied at random from 1 s to 20 s, while the time at low force is kept constant at 10 s, long enough for complete reannealing and recovery of the equilibrium length of dsDNA (see Figure [1E](#F1){ref-type="fig"} in ([@B11])). In the record of Figure [1A](#F1){ref-type="fig"}, *t*~h~ is 10 s (red), 1 s (green) and 5 s (blue). The corresponding force-extension curves are shown in Figure [1B](#F1){ref-type="fig"}. As emphasized by superimposing the shortening transients (Figure [1C](#F1){ref-type="fig"}), the fraction of the molecule that has undergone only the reversible B-S transition, measured by the amplitude of the stepwise shortening that appears simultaneous with the force drop (for a faster time scale see Supplementary Figure S2), progressively reduces with the increase in *t*~h~, while the fraction that melted, measured by the amplitude of the slow component of the shortening transient (*L*~m~), increases with *t*~h~. When *L*~m~ is plotted against *t*~h~ (Figure [1D](#F1){ref-type="fig"}) it shows an almost direct proportionality. *L*~m~ is zero (and the initial stepwise shortening is 100% of the lengthening undergone by the B-S transition) if no melting has occurred during the overstretching period, that is for t~h~ smaller than ∼1.8 s, as shown by the abscissa intercept of the linear fit to data for *t*~h~ ≥ 2 s.

![Shortening transients elicited by a stepwise reduction in force imposed on λ-DNA from above to below the overstretching region. (**A**) Shortening responses to 25 pN force drops from 72 pN maintained for 10 s (red), 1 s (green), 5 s (blue). The vertical dashed line marks the transition from length to force feedback; the orange triangle indicates the progressive reduction in the gain of force feedback to minimize the system instability in the force regions in which the stiffness of the molecule is high (for a detailed discussion see ([@B12],[@B24])). (**B**) Force-extension curves from the record shown in (A). Trajectories identified by the same color code as in A. The directions of the force change are indicated by the arrows. (**C**) Superimposed responses from the record in A with the same color code; the start time for superposition is the time of the force step (vertical dashed line). (**D**) Relation between the size of the melted fraction (*L*~m~) and the time the force is maintained high (*t*~h~). The line is the linear fit to data for *t*~h~ ≥ 2 s. The abscissa intercepts is 1.81 ± 0.05 s. (**E**) Definition of the relevant parameters of the slow phase of shortening on a faster time scale: *t*~w~, waiting time between two consecutive shortening steps; Δ*x*, amplitude of the shortening step. (**F**) Superimposed shortening responses to drops in force from 72 pN to 53 pN (blue), 46 pN (red) and 44 pN (green).](gkw604fig1){#F1}

*L* ~m~ is composed of a series of shortening steps separated by pauses, indicating the presence of a rate-limiting process followed by a much faster reannealing step, almost instantaneous within the temporal resolution of the experimental apparatus. In other words, a fast re-zipping process, akin to re-zipping at 0 force (above 107 bp/s according to ([@B27])) is episodically halted by the presence of some intermediate energetic or configurational bottleneck.

The relevant parameters describing the kinetics of reannealing are, as shown in Figure [1E](#F1){ref-type="fig"}, the size of the shortening step (Δ*x*) and the waiting time (*t*~w~) between consecutive steps.

How the kinetics of reannealing depends on force was investigated by varying the low-force level (*F*~L~) attained by the force drop. For all the records in Figure [1F](#F1){ref-type="fig"} the high force level is kept at 72 pN for 10 s then force is dropped to *F*~L~ of either 44 pN (green), 46 pN (red) or 53 pN (blue). It can be seen that *L*~m~ is quite similar in all the three responses (as expected since both melting-inducing parameters, the high force level and *t*~h~, are the same), while the time taken by the slow phase to attain the equilibrium length increases with *F*~L~ from 2 s (green) to 27 s (blue).

Kinetics of reannealing {#SEC3-2}
-----------------------

The shortening transients recorded with the protocols described in Figure [1](#F1){ref-type="fig"} are analyzed in terms of the parameters *t*~w~ and Δ*x* (Figure [1E](#F1){ref-type="fig"}) to define the reannealing kinetics. The complemented cumulative probability distribution of *t*~w~ (1 − cumulative distribution, CCD in the following) for four different levels of *F*~L~: 37 pN (blue), 42 pN (red), 47 pN (black) and 52 pN (magenta) is plotted in Figure [2A](#F2){ref-type="fig"} (data are from 6 molecules for each *F*~L~ value, 5 cycles per molecule). The parameter CCD is preferred over the cumulative probability distribution because the complementation favors the visualization on log scale of the exponential decay at large waiting times. The multiplicity of slopes in the log plot of CCD corresponds to a multiplicity of time constants (see Supplementary Figure S3A). It can be seen that, independently of *F*~L~, all curves show a complex multi-exponential shape characterized by an early---almost exponential---decay followed by a smooth change in slope and ending with a much slower exponential decay. All decay rates in both the fast and the slow region of the spectrum decrease with the increase of *F*~L~. The curves, however, remain fundamentally invariant in shape as shown in the inset, where the probabilities are shown to collapse on the same master curve following the normalization for the average waiting time at each *F*~L~, 〈*t*~w~〉. In other words, the spectrum of decay rates uniformly extends in all its components with the increase of *F*~L~.

![Analysis of the kinetic parameters of reannealing. (**A**) Complemented integrated probability density (CCD, 1 - cumulative distribution) of *t*~w~ at the four *F*~L~, defined by the color code in the inset. The gradual change in slope of the curves indicates a multiplicity of time scales, with the fastest scale accounting for at least 70% of the population at each *F*~L~. Inset: the same distribution after normalization of *t*~w~ for 〈*t*~w~〉, the average value at each *F*~L~. (**B**) Rate constant of reannealing, *k*~f~ ( = 1/〈*t*~w~〉), in logarithmic scale, as a function of *F*~L~. The line is the fit with Equation ([1](#M1){ref-type="disp-formula"}). The estimates of the slope and ordinate intercept (In(A)) are 0.139 ± 0.001 and 8.04 ± 0.06, respectively. (**C**) Probability density function (PDF) of the amplitudes of the reannealing segment at the four *F*~L~ (color code as in A). The continuous lines are fits with Erlang distribution functions. Inset: Amplitudes normalized for the average amplitude at each *F*~L~ (〈Δ*L*~c~〉). (**D**) Relations between ln (*k*~f~) and *F*~L~ at different ionic strengths: magenta 25 mM NaCl, blue 150 mM (from Figure [2B](#F2){ref-type="fig"}), orange 300 mM.](gkw604fig2){#F2}

The most relevant contribution (\>50%) to the slow-phase shortening is accounted for by the fastest decay rate (*k*~f~), which is the one taken into consideration here for further analysis. All decay rates, however, display the same dependence on force, so that similar conclusions are obtained if the analyses are made on either the entire rate population or the slowest component (see Supplementary Figure S3B). Further comments on the origin of the multi-exponential distribution are made in the last section of the SI. This demonstrates in turn that, in the range of *F*~L~ investigated, the frequency response of our mechanical system is adequate to record in the whole range of the frequency domain of the responses. Further comments on the origin of the multi-exponential distribution are made in the last section of the SI. *k*~f~ exhibits an exponential dependence on *F*~L~ as shown by the linear relation obtained when ln(*k*~f~) is plotted versus *F*~L~ (Figure [2B](#F2){ref-type="fig"}), suggesting that the kinetics of the reannealing process can be explained by a two-state transition according to the Kramers--Bell theory. According to the classical two-state theory, both the forward and backward transition rate constants depend exponentially on force. In this case, however, only the backward rate constant, from the melted state (M) to a double-stranded transition state (S'), is accessible, since the forward reaction, melting, is undetectably improbable at the imposed *F*~L~.
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}{}\begin{equation*}\ln {k_f} = \ln A - \frac{{{F_L}.{x^\ddagger }}}{{{k_B}\ T}}\end{equation*}\end{document}$$ where *x*^‡^ is the distance from the melted to the transition state (that is the slope of the ln(*k*~f~) -- *F*~L~ relation), *k*~B~ is the Boltzmann constant, *T* is absolute temperature and *A* (s^−1^) is the rate constant at zero force. The fit of Equation ([1](#M1){ref-type="disp-formula"}) to data in Figure [2B](#F2){ref-type="fig"} (blue line) gives an estimate of the slope (0.13 ± 0.02 s^−1^ pN^−1^) from which a distance (*x*^‡^) of 0.58 ± 0.05 nm between M and S' state can be calculated.

Size of the reannealing segments {#SEC3-3}
--------------------------------

Although we measure changes in molecular extension (Δ*x*), the appropriate parameter to describe molecular shortening is the change in contour length, Δ*L*~c~. The elastic model allowing the conversion to Δ*L*~c~ is presented in detail in the Supplementary Data. A statistical analysis of the shortening steps during the slow phase of the response to the force drop is reported in Figure [2C](#F2){ref-type="fig"}, where the normalized frequency histogram of Δ*L*~c~ (the probability density function, PDF) is plotted for the four *F*~L~ (colour code as in Figure [2A](#F2){ref-type="fig"}). Data are fit by four Erlang distributions with shape parameter 3 and rate parameters 0.012, 0.020, 0.029, 0.035 μm^−1^ for 37, 42, 47 and 52 pN, respectively. A decrease of the observed shortening amplitude with the increase in force is evident from the reduction in Δ*L*~c~ peak frequency from 156 nm at *F*~L~ = 37 pN to 81 nm at *F*~L~ = 52 pN. Due to the skewness of the distributions, the corresponding average values (〈Δ*L*~c~〉) are larger: 〈Δ*L*~c~〉 ranges from 246 to 90 nm in the same range of *F*~L~. The average value of Δ*L*~c~ for all data pooled together is 132 ± 2 nm for an average value of *F*~L~ of 45 pN. It is worth noting that, similarly to the *t*~w~ distributions in Figure [2A](#F2){ref-type="fig"}, the distributions of the shortening steps also rescale on the same master curve when dividing the abscissa for the average value at each *F*~L~ (inset in Figure [2C](#F2){ref-type="fig"}).

In these experiments λ-DNA is attached to the beads via the 3′ ends, so that melting during the high force period may have occurred starting from both 5′ ends as well as from nicks occurring in the sugar--phosphate backbone. Consequently, reannealing may occur at several points, making it impossible for a given shortening to identify which strand, and what point within the strand, is reannealing. On the other hand, in the range of *F*~L~ investigated, the kinetics of shortening events is so slow that the probability of two events to occur simultaneously is essentially zero, so that the probability distribution of Δ*L*~c~ in Figure [2C](#F2){ref-type="fig"} properly describes the characteristics of unitary events.

Kinetics of reannealing is independent of ionic strength {#SEC3-4}
--------------------------------------------------------

The mechanism underlying the transient kinetics has been first investigated by repeating the protocol at different ionic strengths, to modulate the strength of electrostatic interactions. The repulsion between the negatively charged sugar--phosphate backbones of the two strands decreases with the ionic strength, and this is the reason why melting probability increases upon overstretching at reduced ionic strength ([@B28]). Similarly, a reduced ionic strength could reduce the reannealing probability at the same *F*~L~. As shown in Figure [2D](#F2){ref-type="fig"}, *k*~f~ is not significantly affected by either a reduction of ionic strength to 25 mM (magenta) or an increase to 300 mM (orange). Fitting the corresponding data in Figure [2D](#F2){ref-type="fig"} provides estimates for *x*^‡^ of 0.49 ± 0.07 nm (magenta) and 0.53 ± 0.06 nm (orange), respectively. Both values are slightly but not significantly lower (*P* \> 0.1) than the value 0.58 ± 0.06 nm, found with physiological ionic strength. This is in agreement with the previous results of experiments conducted in length clamp on designed constructs ([@B7]). It was shown that, following stretch-induced melting, re-hybridization occurs at a low force (∼20 pN) that, in contrast to melting, is rather insensitive to changes in ionic strength. In the absence of ionic-strength dependence it is quite likely that the reannealing process is controlled by a mechanism that provides the same structure of the transition state regardless of the strength of electrostatic interactions, most likely via a sequence-dependent mechanism.

Assessing the role of base sequence {#SEC3-5}
-----------------------------------

DNA reannealing in the absence of force is reported to take place sequentially at very fast rates (∼10^7^ bp/s ([@B27])). The pauses in the slow phase of the shortening response (Figure [1B](#F1){ref-type="fig"} and [D](#F1){ref-type="fig"}) show that, under the stress imposed on the molecule by our force feedback, sequential reannealing spontaneously halts and resumes. Considering that each AT base pair provides only two hydrogen bonds, and thus a smaller free energy decrease for the double strand formation, it is likely that the obstacle that stops sequential reannealing is made by a sufficiently large number of consecutive AT base pairs that constitutes a so-called 'AT-barrier'. The average size of the stepwise shortening resumed after each pause is 132 nm, which, considering a shortening of 0.23 nm per bp, corresponds to the reannealing of (∼132/0.23) of 570 bp. Sequence analysis of λ-phage DNA (see Supplementary Data for details) allows the definition of the relation between the average distance 〈*d*〉 separating sequences of more than a given number of consecutive AT bases (*n*~AT~) and *n*~AT~ (Figure [3A](#F3){ref-type="fig"}, blue dots). The relation shows that the number of consecutive AT bases distant at least 570 bp is 9.5; accordingly, if the barrier is constituted by a poly-AT segment of 10 or more bases, it should be followed by the reannealing of at least 750 bp, which corresponds to the average Δ*L*~c~ of 170 nm.

![Relation between the average distance 〈*d*〉 separating sequences of more than a given number of consecutive AT bases (*n*~AT~) and *n*~AT~. 〈*d*〉 and *n*~AT~ are determined with sequence analysis of the λ-DNA molecule (**A**, blue dots) and for the AT-rich construct (**B**, red dots). The continuous lines are cubic fits to the data. The dashed lines mark the average extension of the reannealing strands for each *F*~L~, as indicated by the values next to the lines.](gkw604fig3){#F3}

To test the dependence of the reannealing process on the sequence and the consistency of the AT-barrier mechanism we performed the same stretch-release experiment under force feedback on a portion of the λ-DNA molecule with an increased AT proportion. A 3582 bp-long portion of the molecule with the proportion of AT increased from 50% to 64% has been selected. Sequence analysis on this DNA construct (Figure [3B](#F3){ref-type="fig"}, red dots) shows that the average distance between poly-AT segments exceeding 10 bp is reduced to 210 bp, almost $\documentclass[12pt]{minimal}
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}{}$\frac{1}{4}$\end{document}$ of the values found for the whole λ-DNA (see Figure [3A](#F3){ref-type="fig"}). Since at ionic strengths ≤1M the AT-rich construct undergoes complete peeling during stretch and no reannealing can be observed in the same force range as that used for the whole λ-DNA molecule, these experiments were made with ionic strength increased to 1.5M. Figure [4A](#F4){ref-type="fig"} shows the shortening transients elicited when force is dropped from 83 pN (*t*~h~ = 2 s) to either 37 pN (green trace) or 57 pN (red trace). For the AT-rich construct, just as for λ-DNA, the time taken for the slow phase to attain the dsDNA equilibrium length (the time for the complete reannealing) increases with *F*~L~. The analysis on *t*~w~ conducted in the AT-rich construct gives the ln(*k*~f~) - *F*~L~ relation shown by red circles in Figure [4B](#F4){ref-type="fig"}. In comparison to the relation for the λ-DNA molecule (blue circles from Figure [2B](#F2){ref-type="fig"}), it can be seen that, even if all the points for the AT-rich construct lie above those for the λ-DNA, their dependence on force is unchanged. In fact the slope of the fit with Equation ([1](#M1){ref-type="disp-formula"}) gives a barrier distance of 0.58 ± 0.06 nm, which is almost identical to that of the whole λ-DNA molecule regardless the sequence composition.

![Shortening transient and kinetic analysis in an AT-rich construct. (**A**) Superimposed responses to force drops from 83 pN, maintained for 2 s, to either 37 pN (green) or 52 pN (red). Note the much longer time necessary to attain the equilibrium force-extension value at the higher *F*~L~. (**B**) ln(*k*~f~) as function of *F*~L~ for the AT-rich construct (red) in comparison to the λ-DNA (blue, from Figure [2B](#F2){ref-type="fig"}). At any force *k*~f~ is ∼4 times larger in the AT-rich construct. The lines are the fit with Equation ([1](#M1){ref-type="disp-formula"}). (**C**) Dependence on *F*~L~ of the average amplitude of the shortening step (〈Δ*L*~c~〉) for the AT-rich construct (red) in comparison to the λ-DNA (blue). Note that, at any force, 〈Δ*L*~c~〉 is ∼4 times smaller in the AT-rich construct. (**D**) Dependence on *F*~L~ of the *n*~AT~ values resulting from the interpolation of the dashed lines and the continuous line in 3A (blue squares) and of *n*~AT~ values obtained with the same analysis done on the AT-rich construct in Figure [3B](#F3){ref-type="fig"} (red triangles). The slopes and the ordinate intercepts of the linear fit (dashed lines) are: for the λ-DNA (blue) 0.13 ± 0.09 pN^−1^ and 15.3 ± 0.6, respectively; for the AT-rich construct (red) 0.08 ± 0.06 pN^−1^ and 3.2 ± 0.4, respectively.](gkw604fig4){#F4}

The average amplitude of shortening steps 〈Δ*L*~c~〉 for the AT-rich construct is reported in Figure [4C](#F4){ref-type="fig"} as a function of force (red circles) together with the corresponding λ-DNA data (blue circles). For both the AT-rich construct and the whole λ-DNA 〈Δ*L*~c~〉 decreases by a factor of 2 in the *F*~L~ range 37--52 pN. Most importantly, at any *F*~L~, 〈Δ*L*~c~〉 of the AT-rich construct is ∼$\documentclass[12pt]{minimal}
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}{}$\frac{1}{4}$\end{document}$ that of λ-DNA, as predicted by the sequence analysis (compare Figure [3A](#F3){ref-type="fig"} and [B](#F3){ref-type="fig"}).

The upward shift in the *k*~f~ -- *F*~L~ relation of the AT-rich construct with respect to λ-DNA (Figure [4B](#F4){ref-type="fig"}) should be accounted for by the influence of viscosity (see Supplementary Data). When the reannealing rates are plotted versus 〈Δ*L*~c~〉 in double logarithmic scale (Supplementary Figure S6), data at the same force can be fit with the hyperbolic dependence *k*~f~ ∼1/Δ*L*~c~. The few data points available at any given *F*~L~ are compatible with a power law dependence; more precisely, at any given *F*~L~ the *k*~f~ depends on the inverse of the size of the molecule. This is indicative of a viscous effect and suggests that the reannealing rates depend not only on the size of the transition barrier, but also on the length of the entire dangling strand, whose size limits the opening/closing rate of the fork at the junction between two complementary strands. In the last section of the Supplementary Data we will comment on the influence of viscosity on the multi-exponential nature of the *t*~w~ distribution.

DISCUSSION {#SEC4}
==========

Structural basis of the transition barrier and the mechanism to overcome it {#SEC4-1}
---------------------------------------------------------------------------

The time course of the reannealing of torsionally unconstrained λ-DNA and its dependence on force has been determined by exploiting our fast force feedback. We found that the complex shortening transient following the force drop to a level below the overstretching region (*F*~L~) can be explained, as previously hypothesized ([@B11]), by two processes occurring sequentially at different points along the molecule: (i) a rate-limiting reannealing of melted segments, which leads to the recovery of the double-stranded form (S') and (ii) the subsequent abrupt (stepwise) recovery of the shorter length as expected at forces a few piconewtons below the overstretching force at which the dsDNA transition to the compact B-form takes a few milliseconds ([@B12]). As regards the nature of the transient intermediate S' state, it cannot be identified as the double-stranded S state because, extrapolating the rate-force relation of the S to B transition ([@B12]) at the forces (*F*~L~) considered here the S state is undetectably short-lived. On the other hand, a molecular dynamics simulation ([@B29]) shows that the free-energy barrier separating S- from B-DNA only arises at forces close to the overstretching region, questioning the existence of the S state at the *F*~L~ considered here.

The analysis of the waiting time between the shortening steps indicates that the rate of reannealing distributes exponentially with an average rate *k*~f~ that depends on *F*~L~ according to a two-state reaction kinetics that allows the estimate of the distance to the transition state *x*^‡^. *x*^‡^ is 0.58 nm for both the whole λ-DNA and for the AT-rich construct of 3852 bp. Since the base pair extension of ssDNA is ∼0.6 nm and that of B-DNA is 0.34 nm, the ss to B transition of two base pairs would easily account for the observed *x*^‡^. This hypothesis, however, cannot be reconciled with the several hundreds of bp involved in the following shortening step. In fact, all possible stopping sequences of two or three base pairs are much more frequent than the average distances of hundreds of bp inferred from the shortening step.

On the other hand, statistical analysis of the sequence provides useful insights on the structural nature of the transition barrier and the mechanism to overcome it. The four times difference in the observed extension of the reannealing segments for the whole λ-DNA and the AT-rich construct (Figures [3](#F3){ref-type="fig"} and [4C](#F4){ref-type="fig"}) can be explained if poly-AT segments ∼10 bp long act as barriers that temporary halt reannealing. How does the poly-AT barrier emerging from sequence analysis reconcile with the finding from the kinetic analysis that the distance of the M-S' transition is 0.58 nm? The question can be solved if one assumes that the *x*^‡^ accompanying the M to S' transition does not arise from a ss to B transition but from the relief of tension from the strand under load, as it would happen if the S' state is made by two uncoupled single DNA strands (2ssDNA) sharing the mechanical load. The force-extension relations of ssDNA and 2ssDNA can be predicted using two freely-jointed chain (FJC) models (see Supplementary Figure S4) and indicate that, at the level of the imposed *F*~L~, the difference in extension per bp is ∼0.055 nm. In this case *x*^‡^ = 0.58 nm indicates that the transition involves ∼10 bp, a conclusion converging with that from the sequence analysis applied to the size of the reannealing strand, which indicates that the barrier is a poly-AT segment 10 bp-long. This conclusion provides also the clue for describing the structural basis of the transition state and the mechanism by which a melted segment (Figure [5A](#F5){ref-type="fig"}) overcomes the transition barrier (red). Two single-stranded 10-AT-segments can be formed when the first few CG bases of the dangling strand following the AT barrier get close enough to their complementary partners on the strand under tension for undergoing base pairing (Figure [5B](#F5){ref-type="fig"}). This causes both the halving of the force on the stretched poly-AT strand (with the 0.58 nm shortening and base pairing with the complementary strand) and the rapid double strand formation/shortening of the subsequent 750 bp segment (Figure [5C](#F5){ref-type="fig"}). The same mechanism operates in the 3582 bp-long DNA portion that has an increased proportion of AT bases (64% instead of 50%). In this case, however, the rapid shortening following the transition state will be reduced to $\documentclass[12pt]{minimal}
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![Schematic drawing of the reannealing process. (**A**) DNA segment in which the double-stranded configuration is interrupted in correspondence of an AT-barrier followed by a portion with a dangling strand. (**B**) Intermediate state with formation of two single-stranded 10-AT-segments due to the pairing of the next CG bases. This causes the halving of force on the stretched poly-AT strand, so that the molecule shortens by *x*^‡^ (yellow arrow). (**C**) Immediate base-pairing of the poly-AT segment and of the dangling strand until, after ∼750 bp, the next AT-barrier is met. The molecule shortens by a Δ*L*~c~ of (750·0.23 nm ∼) 170 nm (green arrow).](gkw604fig5){#F5}

In principle, one might expect that also other AT-rich motifs, such as 5AT 1GC 8AT, could act as effective AT-barriers. To evaluate how strict the constrain of a pure AT-barrier is, the sequence analysis was applied to hybrid segments as that mentioned above. Consistently, the expected average distance decreases sharply and the expected shortening doesn\'t match any more that observed. Apparently, therefore, the presence of even a single CG base pair provides to the dangling strand an easily reachable intermediate anchor point for the efficient crossing of the AT-barrier.

Force dependence of the size of the AT-barrier {#SEC4-2}
----------------------------------------------

If AT barriers determine the number and extent of separate reannealing events, it is unclear why the subsequent average shortening 〈Δ*L*~c~〉 varies by a factor of 2 in the explored force range (Figure [4C](#F4){ref-type="fig"}). The quantity and distribution of AT barriers along the DNA molecule is determined solely by the base sequence, which doesn\'t vary with force. However, slight changes in the size of the AT barriers explain the observed force dependence. Statistical analysis of the sequence of λ-DNA (see Supplementary Data) defines how the average distance between successive poly-AT segments (\<*d*\>) is related to the size in bp of the segments (*n*~AT~) (Figure [3A](#F3){ref-type="fig"}, blue dots). The continuous line is a cubic fit to the data. The horizontal dashed lines intersecting the curve are drawn in correspondence of the distance calculated from the average shortening steps at each *F*~L~ (blue circles in Figure [4C](#F4){ref-type="fig"}). The intersection points give the expected average extension of *n*~AT~ that halts reannealing at any force level, as predicted by sequence analysis. The *n*~AT~ - *F*~L~ relation is shown by blue squares in Figure [4D](#F4){ref-type="fig"}. Error bars reflect the propagation of the experimental errors through the interpolation procedure and are mainly determined by the position uncertainty induced by the force feedback that amounts to ∼10 nm at each force. This analysis shows that the size of the AT-barrier actually increases with the reduction of force: in the range of force used it increases from ∼8.5 bases (at 52 pN) to ∼10.5 bases (at 37 pN). The sequence analysis applied to the AT-rich construct provides the 〈*d*〉 -- *n*~AT~ relation shown in Figure [3B](#F3){ref-type="fig"}. In this case the intersection of the curve with the average extensions of reannealing strands at each *F*~L~ (red circles in Figure [4C](#F4){ref-type="fig"}) provides the *n*~AT~ values that are reported as red squares in Figure [4D](#F4){ref-type="fig"}. The *n*~AT~ -- *F*~L~ relations for the AT-rich construct and the whole λ-DNA molecule coincide within the experimental error, indicating that the mechanism that defines the barrier is the same for both molecules independently of the 4 times difference in the extension of the reannealing strand. This finding is per se a demonstration of the robustness of the analysis and of the hypothesis that explains the reannealing kinetics in terms of the AT-barrier.

CONCLUSIONS {#SEC5}
===========

Following a force drop to values below the overstretching transition, reannealing of partially melted DNA occurs via discrete shortening steps separated by exponentially distributed time intervals. Kinetic analysis based on Kramers--Bell theory of two state transition reveals a transition barrier 0.58 nm long, while statistical analysis of the shortening steps gives an average reannealing-step size of ∼750 bp, consistent with the average bp interval separating segments of more than 10 consecutive AT bases. In an AT-rich DNA construct, in which the distance between segments of more than 10 consecutive AT is reduced to ∼210 bp, the reannealing-step size reduces accordingly without changes in the extension of the transition barrier. Thus, the transition barrier for reannealing is determined by the presence of segments of more than 10 consecutive AT bp, independent of changes in sequence composition, while the length of the reannealing strand changes according to the distance between poly-AT segments at least 10 bp long.

The size of the transition barrier suggests a mechanism for overcoming the 10-AT-barrier: base pairing of the CG bases immediately following the AT-barrier redistributes the force between the two strands of the poly-AT segment. The consequent halving of the force on either strand implies, according to the differences between the force-extension relations of ssDNA and 2ssDNA a shortening of ∼0.055 nm per bp, that is, for the 10 AT segment, of 0.55 nm, which corresponds to the length of the transition barrier obtained from the kinetic analysis.
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